Background: The Endonasal Endoscopic Transsphenoidal Surgery (EETS) is used to remove the sellar lesion. Because of the unique location of the lesion, a subtle deviation of tools may result in severe complications. The better coordination between workspace and working environment is vital. The aim of this study is to determine the pathways and workspace utilized in EETS. In addition, this result will be used to develop the robotic assisted technology model further. Methods: Pathway and workspace details were studied in 80 soft cadavers and dissections were performed in a stepwise manner to simulate EETS. The optical tracking system was used to collect data.
Introduction
The Endonasal Endoscopic Transsphenoidal Surgery (EETS) has been a significant advancement in the diagnosis and treatment of interstellar lesions [16, 26] . The EETS procedure provides exceptional exposure to the essential components of both the intrasellar lesions and the neighboring structures by offering a temporal and spatial surgical manipulation [9, 27] . The EETS procedure can do so by providing a well-controlled surgical manipulation [10,17e19,38] . According to previous reports, EETS has the potential to replace the traditional microscopic skull base surgical procedures by introducing more precise visualization and minimal invasiveness [2, 3, 13, 22, 23] .
The EET procedure has been recently developed and is carried out under the supervision of a skillful surgeon. This procedure works on the principle of two procedures i.e. access to sphenoid and tumor eradication [1, 20] . During sphenoid sinus approaching process the major limitation is the lack of anatomical landmark inside nasal cavity [4, 5, 42] . Additionally, this procedure is time consuming and it takes more than an hour to conduct the surgery. Along with that there are chances of mucosal injury during the procedure due to slight tremor or deflection [8, 12, 41] . In case of the second principle the precision and accuracy of the tool is the key factor. It is basically the keen movement of the surgical tool that aids in tumor removal. This is lengthy procedure and may take 2e4 h. This procedure is conducted inside the brain, hence, requires extreme precision to avoid postoperative complications as shown in Fig. 1 . The research illustrates (26.9%) of the patients experience postoperative [6, 7, 21] .
This study is designed with a keen focus on the principles of workspace and pathway of EET procedure. The EET experiments were conducted on fresh 80 cadavers and the data is gathered based on the movement of the surgical tools. The analysis of the data is based on three parameters: motion of the surgical tool, shape and the dimension of the workspace. This study will aid in minimizing the time and the damage to mucosa of the nose. Conventional EET surgical procedures have tools with wider dimensions and to tackle the multiple tools in a narrow nasal passage becomes difficult [14, 15, 40, 43] . Therefore, EET robotic surgeries have yet not been validated and established for trans-nasal surgeries. The study under discussion has accomplished the fluoroscopic images for pre-and intra-operations. The robot guided EET system will ensure the safety of the patient and will aid in minimization of the technical obstacles in order to reach the target area of sphenoid sinus. In addition to this, will assist the surgeon by providing medical images and single time insertion will take place reducing the risk of damaging the mucosa due to multiple insertions.
The most important aspect of this surgical procedure is that it needs hour-long precise and detailed attention to reach to sphenoid sinus base area. Any minor mistake may lead to a fatal accident [24, 25, 30] . To address these issues, we did in-depth research on EETS procedure and pathways to guide and assist neurosurgeons. In addition, it is imperative to understand the surgical anatomy and potential anatomical variations of the intrasellar lesions before the practice of the EETS, especially when cadaveric dissections are involved. In this present work, we have executed bi-nasal endoscopic transsphenoidal surgery to evaluate the surgical pathway and workspace for the robot-assisted surgical design as shown in Fig. 2 . In this context, we assessed the path of exposure and the characterized the workspace in detail by evaluating the volume, diameter, and length of the endonasal corridor.
This research countering the limitations associated with EET procedures. The focal area of this study is to conduct the surgery in lesser time with ultra-precision and fineness to hit the target. A robot based system is being introduced in this study where the primary pathway (nasal cavity to sphenoid sinus) to pituitary tumor will be performed by the surgeon but under the guidance of robot. A surgeon will perform the surgery that will be assisted by the robot. Robot will guide the receptacle in terms of its trajectory that will further lead to the provision of the precise passage for the endoscope or the surgical tool to reach the target. As afore mentioned, it is a lengthy procedure, an insignificant turbulence or deflection at the part of surgeon may lead to damage. Maintenance of a stable and steady trajectory is the key and this will be provided by the Robot guided system. Robot guided receptacle will mine the information through the images provided by fluoroscopy. These fluoroscopic images will be transferred to software that will guide the receptacle to alien its position. This will provide the surgeon a stable and precise pathway to reach the target with its surgical tool. Moreover, the route can be examined via connected computer systems. This study will aid in reducing the risk factors and the limitations associated with the conventional EETS system.
Material and method
Bi-nasal endoscopic transsphenoid surgery was carried out on 80 soft adult cadavers without any prior history of head trauma or craniofacial surgery. The cadavers were dissected following the initial autopsy examination and approval of the Department of Anatomy, Faculty of Science, Mahidol University. EETS to the intrasellar region was performed in a stepwise manner as discussed separately on protocol section below by the first author (SC). The variations in the bone and the neurovascular structures along the surgical path were noted down recorded and surgically important anatomic measurements were well documented. In this study, two outcome measures were considered for further robot-assisted surgical design; (1) pathway of exposure; (2) the workspace. In the later, we analyzed the volume, diameter and length of the endonasal corridor. The optical tracking system (OTS, Polaris Vicra R , Northern Digital Inc.) was used to detect the position and the orientation of all the EETS instruments including endoscope, dissectors and suction via infrared ray. The OTS has two major components; (1) the tracker and (2) the passive marker. While the tracker (or the NDI R camera) was used to generate the infrared ray, the passive marker was used to reflect the material. The distance between the tracker and the passive marker were computed by calculating the differences of wavelength between the rays generated from these two different sources to measure the position and orientation of the EETS instruments during the surgical procedure. Two sets of passive markers were attached to the surgical instruments and cadaveric head to detect the position and orientation of the surgical instruments and cadaver's head. Six different parameters were considered to represent position and orientation of the marker on the camera; 3 parameters for positions of XYZ coordinates and 3 parameters for orientation around XYZ coordinates and the final OTS data was saved as.csv files.
The target of this present study is the sphenoid sinus which is for the robot to reach. After the robot reached the target, the neurosurgeon will do the operation where the sellar area is the aim of the operation. The main objective is the robotic design and the robot will be controlled to reach sphenoid sinus. The neurosurgeon will identify and remove the lesion at the sellar area which the pituitary tumor is there. The boundary area is the sellar area where the neurosurgeon can identify safely to remove pituitary tumor. The experiments were carried out in the following step-wise procedure while executing the EET surgery on all the cadavers.
The nostril-nasal cavity pathway
The patient was positioned in a supine posture with fixed head and the nasal cavities were prepped. Manually, the endoscope, followed by the dissectors was inserted through the nasal cavity and the sphenoid sinus base was identified.
The sphenoid sinus-sellar floor pathway
Once the sphenoid sinus base was defined, the eggshell like bone of the sphenoid sinus base was exposed and trimmed out to reach out the sphenoid sinus. It was followed by the identification of the sellar floor of sella turcica, which is a thin and fragile bone. The dura mater, boundary area of the tumor and bilateral great vessels were confined to this region. The gross total tumor removal (GTR) was performed, and the incision on skull base is closed by either by the pedicular soft tissue or by the fat or by the cartilage or by the synthetic material to prevent cerebrospinal fluid (CSF) leakage.
The step-wise surgical procedure is presented in Fig. 3 . Briefly, Tool-tip position and orientation was defined by calibrating the optical marker tool-tip. The marker was then set at the vertex of the cadaver head and the optical tracking (NDI R ) was set up accordingly. The tool was then introduced to the sphenoid sinus base through the columella.
Since the differences of the distance and direction of the tool in each time of the operation was variable, the collected data could not be compared. However, to make it comparable, we applied homogeneous transformation matrix on the same reference background.
In this bi-nasal approach; we performed the experiment both on left side and right side and on average each experiment took 3e5 min. We collected about 700 points from each nasal cavity and Using the above equations, it is calculated the inverse matrix of transformation matrix from origin frame to cadaver's head and multiplied the value with transformation matrix from origin frame to surgical tool. As a result, it is possible to compare experimental data to each other.
We considered shape, dimension and volume factors to analyze the EETS workspace data. While the dimension of EETS workspace was considered from maximum boundary, the length of the workspace is defined from the columella to the sphenoid sinus base. We considered the largest cross sections area of the workspace to calculate the diameter of the shape. From the raw cloud point data we calculated the volume of the workspace by applying the Delaunay triangulation method, which was created from 3 neighbor points of the data without any background contamination. Then the calculated area of all the triangular points were used to estimate the total volume of the workspace directly by adding all the individual areas (Fig. 4) .
Results

EETS pathway analysis
The EETS pathway was analyzed by estimating the real time positions and orientations of the surgical instruments during the operation and was considered from depth of surgical instruments on EETS workspace. During this procedure, we determined the character of each data point by determining a P2S vector for each data point, which is nothing but a vector from the columella to the sphenoid sinus base. This was followed by the computation of X-Z plane from each P2S vector by utilizing the homogeneous transformation matrix. By doing so, once the P2S vector was moved to X-Z plane, again the vector was moved to Z-axis by applying same transformation matrix. Finally, we applied the transformation matrix to all data point to define the end homogeneity of the transformation of P2S vector to Z-axis.
For the normalization of length: we transferred all the points and the P2S vectors to the Z-axis and normalized the amplitude of all P2S vectors. We found the amplitude of P2S vectors (length of EETS workspace) to be around 70e75 mm, whose value was changed to 80 mm after normalization. Once the values were normalized, by adapting the window function, the cloud points of surgical instruments position are sliced into small values. The window with 5 mm wide was run on the P2S vector with a step of 2 mm value.
Next, we calculated the Probability Density Function (PDF) of XY positions a 2D plane in cross section view, which simply represents the frequency used position at each depth of surgical tool tip (Fig. 5) . Each cross section had a dimension of 0.5 Â 0.5 grid and different colors are assigned to distinguish the number of surgical tool tip positions on each grid. In Fig. 5 dark blue shaded area represents small frequency of position and light blue shaded area represents the most frequency of position.
The overall orientation of the surgical tool tip of each 2 mm step depth from columella to sphenoid sinus base derived from the PDF values of orientation; the PDF values obtained from the 3 to 5 most frequently used positions (Fig. 6) .
The different parameters of the EETS workspace between the experiments were analyzed. The maximum, minimum, average and standard deviation values are presented in Table 1 .
Finding the statistical significance in any of the parameters between the left and right nostril is a complex and failure part. This suggests a conserved but subtle anatomical variation between the left and right nostrils.
Discussion
The shortest and workable pathway to the intrasellar region is the transsphenoidal midline route [10, 11] . This way provides not only an affordable workspace but also offers a low mortality rate [28, 29, 32, 34, 36] . While the introduction of the endoscope to the intrasellar region has been a challenging for past several decades, recent advancements on these shortcomings have made it possible to deal with skull base surgeries [26, 27] . To this end, establishing EETS to the intrasellar region has been the first revolutionary step in the field and the endoscopic skull base surgeries [9, 13, 39] .
However, even though one of the hurdles has been taken care of with the advancement of technology, obtaining specimens in these types of studies became a major limiting factor and hard to achieve [17, 18] . This issue can be addressed partially by conducting experiments on the limited number of specimens, it may results in significant variation between trials because of insufficient specimen numbers. Additionally, we brought to the reader's attention as we found it significant differences in few our results due to the lack of sample number. Present study determines the characteristics and movement of the surgical tool during EETS procedures. The analysis of the ideal EETS workspace and pathway, was suitable for the robot-assisted surgical design.
This research proposes a methods to determine the pathways and workspace utilized in the EETS approach with an ultimate goal to guide and assist neurosurgeons during EETS procedure. Besides, it is crucial for the neurosurgeons be aware of the intrasellar anatomical variations along the surgical workspace and the target region from the endoscopic view to execute a standard EETS in the intrasellar region. For example, it is hard to identify the sphenoid sinus base. From the research investigation [31, 33, 35, 37] it is evident that at least in 75% cases, most surgeons detect sphenoid sinus base about 10e12 mm superior to the posterior nasal aperture. From our workspace correlation, we detected a linear relationship between the Sphenoid Sinus and Nostril spatial distribution as shown in the (Fig. 7) .
Out of several different possible shape types, we found the shape of the workspace in our study is cylindrical with a narrow diameter at the middle (Fig. 8) . Even though the workspace looked narrower, we found a significant safe distance between the two internal carotid arteries (ICA) to open the intrasellar floor and expose the pituitary gland. Also, we were able to locate the diaphragma sellae in all 80 specimens following total hypophysectomy.
These factors are important as the inability to recognize important anatomical structures along the surgical pathway may intervene with the endoscopic manipulations and prolong the surgical time. However, with our unique approach of determining the pathways and workspace utilized during the EET, we were able to overcome these issues. In our opinion, these factors are vital in determining the overall success of any endoscopic skull base surgery, especially if performed without image guidance.
This study summarizes the variations in nasal, sphenoidal and intrasellar phases of the EETS procedures and provides a better model to overcome the associated issues. The outcome of the work suggests having a detailed knowledge of the fundamental anatomical relationships in the context of the endoscopic dissections in a large and cumulative number of specimens. Results from our work will facilitate endoscopic surgical procedures and decrease the rate of surgical complications.
Ethical approval
Cadaveric based experiments were conducted and an Ethical approval statement is enclosed as an electronic supplementary material.
Funding
This research has been funded by the Computer-Integrated Intelligent Medical System Project under the National Research University Grant through Mahidol University. Another fund resource is Commercializing Development of a Virtual Reality Based Surgical Robotic Training System with Haptic Force Feedback Project, Granted by Thailand Center of Excellence for Life Sciences (TCELS), (Grant Number: TC 20/60).
Author contribution
All authors have discussed and commented on the manuscript at all stages. More specifically, Sorayouth Chumnanvej, Suwiphat Chalongwongse and Branesh M. Pillai collected the related literature, conducted the analysis, and completed the draft writing under the supervision of Jackrit Suthakorn, who has also contributed to the revision of the paper structure and the presentation style, as well as the proofreading of the paper.
